Abstract Management of fractures in austere environments creates significant challenges for the treating physician. Significant limitations in resources and personnel, limited or no local national health care systems, feasibility of arranging follow-up care, and adjusting to local medical standards of care all influence decision making and appropriate treatment options. In addition, ensuring the safety of medical providers and staff can influence ability to render care in hostile and dangerous environments. Early and appropriate use of antibiotics, maximizing wound care options, determining the appropriate type of fracture fixation methods, and contributing to life-saving interventions while optimizing limb function are the hallmarks of fracture care in austere and wartime conditions.
Introduction
Understanding fracture care in the austere, wartime environment is a significant challenge. The Global War on Terror (GWOT) in Iraq and Afghanistan represents the longest combat effort in American history. Musculoskeletal combat injury rates during GWOT have been 34.2 per 1000 soldier combat-years of exposure, with 51.9-54 % of all combat injuries occurring in the upper and lower extremities. 74.4-78 % of injuries result from blast injury [1, 2] . As a result of providing combat casualty care over a 14-year period, much data has been obtained that have driven changes in treatment protocols with the goal of improving both survival and function in combat casualties. The Joint Theater Trauma System (JTTS) and the Department of Defense (DoD) trauma registry have been instrumental in providing data to drive these changes.
The hallmarks of extremity fracture care in combat environments can be defined in four broad categories: (1) prophylactic antibiotic management, (2) soft tissue/wound care management, (3) fracture stabilization, and (4) balancing acute life-saving interventions with optimizing long-term patient functional status.
Antibiotic Management
Overall infection rates in combat casualties from GWOT have been 5.5 %, with 27 % of infections occurring as skin and wound infections [3] . Traditional guidelines for antibiotic management of open fractures in the combat environment have been to use 1 g of cefazolin or 600 mg of clindamycin for Gustilo Anderson (G/A) grade I and II open fractures, and adding gram negative coverage for grade III fractures. Penicillin is added for grossly-contaminated wounds [4] . However, several changes have occurred to this protocol as a result of surveillance data of open fracture care from GWOT. The 2012 JTTS clinical practice guideline increased the dose of cefazolin to 2 g for all open fracture types and discouraged adding both gram negative coverage and penicillin to prevent clostridial infection [5] . This is based upon strong recommendations with moderate-quality evidence as presented in the 2011 guidelines for the prevention of infections associated with combat-related injuries endorsed by the Infectious Diseases Society of America and the Surgical Infection Society [6, 7] . Murray and colleagues showed that late infections in combat casualties tended to have a higher incidence of antibiotic-resistant gram negative organisms [8] . The authors' interpretation, as supported by results from other conflicts, identify a trend in the use of broad-spectrum coverage with use of gram-negative and anaerobic organism coverage, and the subsequent development of more severe infections resulting from resistant gram-negative organisms. Further work by Burns et al. found that performing surveillance cultures, while positive 64 % of the time with 93 % of these cultures growing gram negative species, did not correlate in cases that eventually developed wound infections, as the majority of these infections were caused by gram-positive organisms, believed to be acquired from the health care setting [9] . As a result, current guidelines are to only use 2 g of cefazolin or 600 mg of clindamycin in penicillin-sensitive individuals for all fracture patterns, and for only 24 h after final wound closure.
Timing of antibiotic administration continues to be a focus of policy. Previous work by Patzakis and colleagues established the trend of attempting to administer antibiotics within 3 h of injury to reduce the incidence of wound infection [10] . Recent data from a civilian trauma population found antibiotic administration given less than 66 min after injury correlates with a lower rate of deep infection at 90 days [11••] . US military protocol calls for the administration of oral moxifloxacin 400 mg or 1 g of IM/IV ertapenem by field medics at the point of injury, especially if there is a tactical requirement to delay transfer urgently to a surgical facility [7] . This policy is an attempt to recognize that the austere environment can often create obstacles to optimizing care under hostile conditions affected by enemy activity or logistical obstacles in timely transport.
Finally, invasive fungal infection has been found to disproportionately affect patients severely injured in combat and austere environments. While surveillance fungal cultures have not proven to be effective, a high index of suspicion should be maintained in patients with recurrent worsening necrosis noted on serial debridement procedures [12] . Blast injury while on dismounted patrol, above-knee amputation, extensive genito-urinary or rectal injury, and massive (>25 units pRBCs) transfusion have been identified as risk factors for developing an invasive fungal infection [13] . Treatment involves early use of systemic and topical anti-fungal solutions in addition to antibiotic therapy to treat the associated fungal infection. . While a recent systematic review failed to demonstrate advantages of performing early debridement and irrigation within 6 h of injury, Evans and colleagues published their results on the effects of the wound environment on the development of osteomyelitis [15, 16] . They demonstrated failure to remove both necrotic soft tissue and bone which lead to reduction in bacterial load, are the most important factors in reducing deep space infection [16] . Generally speaking, the austere environment is the greatest limiting factor to urgent debridement and irrigation of wounds. US military doctrine and deployment of resources are designed to ideally provide far-forward surgical intervention within 1 h of injury for life-saving intervention and limit contamination of war wounds [17] . Evidence from US involvement in Somalia demonstrated 14 of 16 patients that underwent debridement of their wounds greater than 6 h from injury developed infection [18] .
Wound Management
Bowyer re-iterated the principles for acutely treating war wounds associated with open fractures: (1) excision of the skin margin, (2) generous extension of the wound with (3) exploration through all layers, and (4) excision of damaged muscle [19] . Evaluation of muscle tissue is assessed by examining color, consistency, contractility, and capacity to bleed. Traditional teaching has been to remove muscle tissue that fails to meet these criteria. Because many open fractures result from high energy trauma to the bone and soft tissues, this can lead muscle tissue to be traumatized and fail to contract on initial evaluation. This tissue can be re-evaluated in 24-72 hours on repeat wound exploration, debridement and irrigation. Several studies have documented the long-term disability resulting from Bvolumetric muscle loss (VML),^which is defined as the Btraumatic or surgical loss of skeletal muscle with resultant functional impairment^ [20] [21] [22] . Current treatment for VML is limited to physical therapy and orthotics, with significant and sometimes severe long-term disability [21, 23] . Therefore, good judgement is advised in assessing the viability of tissue during Baggressive^debridement of war wounds, and efforts should be made to preserve as much potentially viable muscle tissue as possible.
The surgical debridement of open fractures typically occurs in a serial fashion. Most open fractures that occur in austere environments mandate at least a second exploration to inspect the wound bed and remove any tissue that has subsequently become non-viable or necrotic. The benefits of early definitive coverage of wounds within 72 h of injury have been established by Godina and colleagues. These findings were supported by a recent systematic review of early vs delayed wound closure supporting early flap coverage to lower infection rates and complications [24] . However, the applicability of this approach to war wounds is limited due to the high-level of energy and contamination associated with these wounds, and need for evacuation from the austere environment to improve treatment conditions for wounded military personnel [25, 26] After initial wound debridement and irrigation, the question remains on how to manage the open wound. Infection control clinical practice guidelines recommend placing a sterile dressing in and on the open wound [6] . The advent and implementation of negative pressure wound therapy (NPWT) dressings set at 125 mm Hg continuous pressure are now commonly employed at facilities with enough resources and a logistical chain to support this modality. Multiple studies have demonstrated the efficacy and safety of using NPWT in warwounded patients throughout the evacuation process [29] [30] [31] [32] [33] . While formal NPWT is an effective treatment in promoting angiogenesis, preventing skin contraction, and helping to maintain a clean surgical wound, this option is not readily available or feasible in the most austere environments, and makeshift negative pressure therapy dressings are currently discouraged in the US military JTTS clinical practice guidelines [5] . BTemporaryĉ losure of the wound may be required when the wound bed contains exposed cartilage/joint, exposed neurovascular structures, a vascular repair site, or exposed tendon tissue [34] . In addition, a patient in shock with resultant coagulopathy may ooze through packed dressings and temporary closure of part or all of the wound for hemostatic purposes may be necessary. In these situations, it should be recognized that the Bbiological^bandage applied is temporary, and the wound will be re-opened within 24 to 48 h and explored prior to definitive closure of the wound. It is advisable in these situations to leave the wound Bopen^with either packing or a drain allowing for some degree of efflux from the wound bed.
Additional adjuncts to managing contaminated wound beds have also been found to be helpful. Stinner and colleagues investigated the effects of using silver-impregnated dressings in NPWT and found they assist in reducing gram positive bacterial loads in wound beds [35] . The advantages of using antibiotic impregnated polymethylmethacrylate (PMMA) beads in contaminated wounds have been wellestablished [36, 37] . Stinner et al. also studied the effects of using NPWT and antibiotic PMMA beads, and found use of PMMA beads alone better reduced bacterial load than did NPWT and PMMA used together [38•] .
Fracture fragments that remain connected to soft tissue should be retained. However, devitalized bone fragments with no remaining soft tissue bridge should be removed to reduce rates of infection [16, 39] . The exception to this is cases in which the bone fragment contains a hyaline cartilage surface, and loss of the articular surface will be more detrimental to long term function than risk of infection in retaining the devitalized fragment.
Irrigation
Much attention has been given to the aspect of irrigation of open fracture and war wounds. Current recommendations are for at least 3 liters of normal saline in G/A grade I open fractures, at least 6 liters for grade II, and at least 9 liters of saline in grade III injuries [5, 6, 40] . In regards to additives, Anglen conducted a randomized control trial that demonstrated safer efficacy in using castile soap over Bacitracin in irrigation; these findings were supported by Bhandari et al. in that castile soap was least toxic to osteocytes when compared to chlorhexidine and povidine [41, 42] . Work by Owens and colleagues supports the use of castile soap over other additives, but found normal saline without additives performed best at preventing rebound bacterial load at 48 hours [43] . In addition, evaluation of high pressure lavage vs low pressure/gravity/bulb irrigation has been explored. Hassinger and colleagues found high-pressure pulsatile lavage propagated bacteria into soft tissue, while Owens et al. noted higher rebound in bacterial load with pulse lavage compared to bulb syringe in infected wound beds [43, 44] . Recent work in a 41-center randomized controlled trial provides definitive evidence that low-pressure/ bulb/gravity lavage using normal saline without additives provides the best results in reducing bacterial load when irrigating contaminated wounds [45••, 46] . For treatment in austere settings, these findings confirm that supplying normal saline without pulsatile lavage devices or additives provides the best level of care for contaminated open fracture wounds.
Fracture Stabilization
Due to limitations in austere and hostile environments, ability to establish timely follow-up, and higher Bdemand^versus Bsupply^of resources available for treatment, the principle of Bless is more^guides fracture stabilization. Optimal treatment options are heavily influenced by these factors versus simply selecting the best biomechanical methods of fixation for fracture treatment. Camuso outlined the benefits of stabilizing extremity fractures in the austere setting: it prevents further injury to traumatized soft tissues, reduces the risk of subsequent infection, minimizes fracture hemorrhage, blunts inflammatory mediators in poly-trauma patients, improves pain control, and facilitates patient movement/evacuation [47] .
Splinting remains the treatment of choice for distal extremity injuries, and in most upper extremity fracture patterns, especially for closed fractures. For most longbone and open fractures, external fixation has become the treatment of choice for stabilization, as well as in cases of vascular injury with an unstable fracture pattern, in a poly-trauma patient, in segmental bone loss, open fractures, and in peri-articular fractures [47] . Application of external fixators in the austere environment has been found to be reliable and safe without major complications [48] .
Subtle changes in patient disposition affect the type of external fixation construct applied. For western countries involved in austere environments in which third world health care systems are available, the external fixation constructs applied may hold different requirements than those of affected service members that require temporary stabilization through the evacuation chain. Previous experience in GWOT has demonstrated that US far-forward surgical teams are called upon to provide humanitarian care to the local population [49, 50] .
The different approaches in external fixation fracture stabilization have also been documented by French military surgeons serving in GWOT and in Africa peace-keeping missions [51, 52•] . Mathieu and colleagues discuss the benefits of converting external fixation to Bdefinitive frame^constructs for patients, in which this method will be their definitive form of treatment, to improve bone healing and recovery of limb function [52•] . However, when follow-up or follow-on care is uncertain in a local national population, caution is advised in placing an external device instead of splinting/casting, as complications and longer hospitalizations have been noted in local-national populations [53, 54] . Past experience in Afghanistan and Iraq demonstrated that external fixators placed on local nationals without follow-up resulted in patients presenting to US military medical facilities with external fixators in place for up to 18 months with no intervening treatment following application. Nevertheless, external fixation may be the best viable options for patients with complex open fractures, associated vascular repair, or who fail splinting/casting for unstable fractures. Successful treatment of local nationals with application of definitive external fixation with follow-on transfer to the local health care system has been reported to be an acceptable approach [52•] .
Limited internal fixation can be used successfully when the medical facility can replicate care delivered that is more comparable to trauma care provided in advanced health care settings. Large et al. have documented successful use of internal fixation with a low complication rate in two different role III military facilities that are able to perform care similar to a US civilian trauma center in regards to sterilization, fluoroscopic and radiological capability, and intensive care and inpatient holding capacity [28•] . Successful use of internal fixation with careful indications has been demonstrated in GWOT by other authors as well [55, 56] . Examples   Fig 1 Example of a local national with a Gustilo-Anderson grade 1 open unstable midshaft tibial fracture treated with debridement, irrigation, limited internal fixation with a compression screw, and long-leg casting with follow-on transfer to the local military health care system for definitive management Fig. 2 Example of a comminuted intra-articular distal femoral fracture treated with limited internal fixation for reduction of the intra-articular condyle fragments and spanning external fixation prior to transfer to a local-national military hospital for definitive management of judicious use of internal fixation include use of compression screws of a mid-shaft G/A grade I unstable tibial fracture to maintain reduction with additional long-leg casting, or selective use of compression screws of osteochondral fragments to maintain reduction of a peri-articular distal femur fracture augmented with spanning external fixator (See Figs. 1 and 2 ). In addition, urgent internal fixation at a capable military facility in personnel who have suffered an intra-capsular or peritrochanteric hip fracture has been recognized as important in reducing the risk of avascular necrosis and long term disability [57•, 58•] .
Damage Control Orthopedics
The final point to review is the prioritization of fracture care. In the setting of a poly-trauma patient presenting in-extremis, stabilization of fractures is accomplished with the goals of minimizing further soft tissue damage and the subsequent inflammatory response, control bleeding for open wounds and bone fracture sites, and contribute to controlling hemorrhage in the slightly modified Bcirculation → airway → breathingÂ dvanced Trauma Life Support primary survey. As a result, gross stabilization of limb length and alignment is more important than fracture fragment reduction, which can be accomplished at a future time once the patient has physiologically stabilized. In extreme cases, the mangled extremity may need to undergo amputation to remove the pathologic load of inflammatory mediators and source of systemic myoglobin, and to control bleeding and coagulopathy in order to preserve the patient's life.
Conclusion
Fracture care in the austere and hostile environment continues to provide significant challenges to treating surgeons. Following the principles of expeditious wound care, antibiotic management, limited initial fracture stabilization, and damage control orthopedics to contribute to preserving life and subsequent function drive both care and current and future research. Recognizing restrictions in follow-up care, limitations in available resources and dealing with highly contaminated high energy open fracture patterns define fracture care in the hostile and austere environment.
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